Direct observation of strain fields in epitaxial growth Fe 3 O 4 thin films on MgO substrates
Y. X. Chen In addition to APBs, the interfacial structure between the Fe 3 O 4 thin films and the substrates may play an important role in the anomalous properties of the Fe 3 O 4 thin films, since it is well known that two-dimensional thin films are in strain state due to the lattice mismatch between films and substrates. 8 Lattice strain resulting from misfit dislocation may also has some effects on films' properties. Until now, very limited papers about interfacial structure of Fe 3 O 4 thin films were found. In this study, we report the microstructure study and the magnetization hysteresis loop of Fe 3 O 4 thin films deposited on MgO substrates using reactive sputtering method.
Reactive sputtering was done with a pure Fe target in a mixture of Ar and oxygen in a Shamrock system. The base pressure was lower than 1.0ϫ10 Ϫ7 Torr before the deposition took place. The Fe 3 O 4 films were deposited on single crystalline ͑001͒ MgO substrates. Before the Fe 3 O 4 deposition, the MgO substrates were cleaned by ion milling for 1 min. The substrates had a planetary rotation during ion milling and sputtering. There was a magnetic field of 50 Oe, which rotated with the substrates, applied during film deposition. A protecting layer of Si 3 N 4 was then deposited on all films in a PE4400 sputtering system. The films were then subjected to two annealing processes, the first at 200°C for 3 h, and the second at 300°C for 3 h, both in a magnetic field.
Cross-sectional transmission electron microscopy ͑TEM͒ samples were prepared using conventional method, including mechanical polishing, dimpling, and final ion milling. TEM observation was performed with a JEOL2010 transmission electron microscope. The magnetization was measured using a quantum design magnetic property measurement system parallel to the film plane at 300 K. Figure 1͑a͒ It is well known that misfit dislocations should be arranged periodically in the interface to accommodate lattice mismatch, especially in epitaxial growth thin films. The misfit dislocation spacing can be calculated using the equation 9 dϭ ͯ 1ϩ␦ ␦ ͯ ͉b͉,
͑2͒
where ␦ and b represent lattice mismatch and Burgers vector of misfit dislocation, respectively. Here, b is taken as 1/2͓100͔a MgO , the edge part of Burgers vector of the misfit dislocation, where a MgO represents lattice parameter of MgO. It was therefore calculated that the misfit dislocation spacing is 70.2 nm. This value is much larger than the interfacial region shown in Fig. 2 . Thus, the frequency for the misfit dislocations to be observed by HREM should be very low. In fact, we observed periodically arrayed strain contrasts along the interface caused by misfit dislocations with an average spacing of about 75 nm. It is thus concluded that calculated dislocation density along the interface is close to what we observed by TEM. It was reported that the APB size was about 27.5 nm for monocrystalline 4 and 5-15 nm for nanocrystalline 7 Fe 3 O 4 thin films. These values are much smaller than the spacing of periodically arranged misfit dislocations, i.e., 70.2 nm. It is thus expected that the effect of lattice strain resulting from the periodically arranged misfit dislocation on the high saturation field of the Fe 3 O 4 thin films should be smaller than that of APBs. Figure 3 exhibits the field in-plane ͓100͔ direction hysteresis loop of the Fe 3 O 4 thin films. The saturation moment ͑Ms͒ is about 235 emu/cc, less than the reported bulk valve of 471 emu/cc. 10 The coercivity ͑Hc͒ for the film is about 500 Oe. As shown in Fig. 2 , strain field was directly observed in the Fe 3 O 4 thin films resulting from lattice distortion near the misfit dislocation. Moreover, it is generally believed that the in-plane and out-plane thin films are in different strain states because of the lattice mismatch in heterostructure. In the present case, since the lattice parameter of MgO is larger than half of lattice parameter of Fe 3 O 4 , it is expected that the in plane and out plane of the Fe 3 O 4 thin films should be in expanded strain state and compressed strain state, respectively. The lower Ms value of the Fe 3 O 4 thin films suggested that the strain field plays a role in the reduction of magnetization. It was reported that the strain in the Fe 3 O 4 thin films played a role in the reduction of magnetization, 3 in which the Ms was 415 emu/cc for 660 nm Fe 3 O 4 thin films on the ͑001͒ MgO substrate and even lower magnetization was observed for the films with a thickness of 150 nm. In our 140 nm thin film, the reduction of magnetization is larger than usual Fe 3 O 4 thin films. Until now, it is not fully understood how the strain induces considerable magnetization reduction and how much it is reduced, because of the complexity between strain and magnetization in the Fe 3 O 4 thin films. Further work about the effect of strain field on the magnetization reduction is in study.
In summary, the Fe 3 O 4 thin films with a thickness of about 140 nm were epitaxially grown on the ͑001͒ MgO substrates by reactive sputtering. The Fe 3 O 4 thin films were single crystal with a cubic-on-cubic orientation relationship with respect to the MgO substrates, i.e., ͓001͔ Fe 3 O 4 //͓001͔ MgO , and (010) Fe 3 O 4 //(010) MgO . The misfit dislocations were observed at the interface between Fe 3 O 4 thin films and MgO substrates. The lattice mismatch generated strain field at the interface. The saturation moment for the in-plane hysteresis loops was about 235 emu/cc, whereas, the coercivity of the in-plane hysteresis loops was 500 Oe. The lower Ms value of the Fe 3 O 4 thin film suggested that the strain field plays a role in the reduction of magnetization.
